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Recent results have indicated that cAMP-dependent protein kinase (PKA) acts as a negative regulator of Hedgehog signaling
in target cells of the vertebrate embryo. Consequently, suppression of PKA activity is suf®cient to mimic the effect of
receiving a Hedgehog signal. We have explored whether PKA-inhibiting Gi-proteins (GiPs) may also be involved in the
regulation of Hedgehog signaling. Zebra®sh embryos were injected with RNA encoding pertussis toxin (Ptx), a speci®c
inhibitor of GiPs. These embryos developed phenotypic traits opposite to embryos expressing a dominant negative form
of the PKA regulatory subunit (dnPKA), including a fusion of the eyes, a lack of ventral speci®cation in the forebrain, and
an expansion of the sclerotome at the expense of adaxial fates in the posterior somites. These effects can be partially
rescued by coexpression of dnPKA, but not by coexpression of Indian Hedgehog, suggesting that GiPs act upstream of PKA
and downstream of Hedgehogs. Other Hedgehog- and PKA-dependent processes, sclerotomal speci®cation and adaxial
speci®cation in the ®rst ®ve somites, are not negatively affected by Ptx. Thus, GiPs may be involved in Hedgehog signaling
in some, but not all target cells. q 1998 Academic Press
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INTRODUCTION McKnight, 1992) has the opposite effect; embryos have
fused eyes, due to the loss of proximal fates in the eyes and
Hedgehog signaling proteins are implicated in various in- the brain. Further, they lack the horizontal myoseptum of
ductive processes in the invertebrate and vertebrate embryo the somites, due to the absence of adaxial engrailed-express-
(reviewed in Hammerschmidt et al., 1997). For example, at ing cells (Hammerschmidt et al., 1996; Concordet et al.,
the midline Hedgehog signaling by the notochord and ¯oor 1996).
plate is thought to regulate the pattern of adjacent cell popu- Recent results have shed light on the Hedgehog signaling
lations in the ventral CNS and somites. Ectopic expression pathway (reviewed in Tabin and McMahon, 1997). At the
of several Hedgehog family members in the zebra®sh em- cell surface, two multipass membrane proteins, Patched and
bryo leads to the expansion of proximal fates in the eyes, Smoothened, are essential for signal transduction. A variety
of ventral fates in the brain, and of adaxial fates in the of genetic and biochemical studies on the Drosophila and
somites (reviewed in Hammerschmidt et al., 1997). These vertebrate counterparts of these two proteins support the
results are reproduced when a dominant negative form of following model: that binding of a Hedgehog ligand to its
cAMP-dependent protein kinase A (dnPKA; Clegg et al., receptor Patched relieves Patched-mediated inhibition of
1987) is expressed in target cells, suggesting that PKA is Smoothened. As a consequence of the derepression of
a negative regulator of the Hedgehog signal transduction Smoothened, the intracellular signal transduction pathway
pathway (Hammerschmidt et al., 1996; Concordet et al., is activated leading to the expression of target genes. Thus,
1996; Ungar and Moon, 1996). Conversely, expression of understanding how Smoothened activates the Hedgehog
a constitutively active form of PKA (PKA*; Orellana and pathway is central to understanding Hedgehog signaling.
One clue comes from structural predictions which reveal
that Smoothened encodes a seven-transmembrane protein1 To whom correspondence should be addressed at present ad-
related to G-protein-coupled receptors (GPCRs) (Alcedo etdress: Max-Planck-Institut fuÈ r Immunbiologie, Spemann Labora-
al., 1996; van den Heuvel and Ingham, 1996). In the absencetories, Stuebeweg 51, 79108 Freiburg, Germany. Fax: 0049-761-
5108 358. E-mail: hammerschmid@immunbio.mpg.de. of ligand, GPCRs are tightly associated with abg trimers
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of G-proteins (reviewed in Gilman, 1987). Upon ligand bind- The Effect of Ptx on Eye and Brain Patterning
ing, the G-protein complex dissociates into free a subunits
The Ptx-induced alterations can be best revealed with
and bg dimers, which stimulate or inhibit the cAMP-pro-
molecular markers. Products of the pax2 gene normally
ducing enzyme adenylate cyclase. The resulting alteration
mark the region of the presumptive optic stalk between the
in the levels of cAMP modulate the activity of PKA (Gil-
two forming eye vesicles and the proximal regions of the
man, 1987; Birnbaumer, 1992). In view of the relationship
eye vesicles (Fig. 2A), while the distal regions are marked
between PKA and Hedgehog signaling we have explored the
by the expression of pax6 (Fig. 2C). In Ptx-injected embryos,
possibility that inhibitory G-proteins (GiPs) are involved
the expression of pax2 in the eye ®eld is missing (Fig. 2B;
in the Hedgehog pathway by injection of RNA encoding
34/76), whereas expression in the midbrain±hindbrain
pertussis toxin (Ptx) into zebra®sh embryos. As ADP-ribosy-
boundary and the otic placode is unaffected. Further, the
lation by Ptx inhibits the release of Gia from bg dimers on
expression domains of pax6 are fused in the midline (Fig.
ligand binding to GPCRs (Gilman, 1987), we predicted that
2D; 40/64). This phenotype is identical to that observed in
this may lead to a block in endogenous Hedgehog signaling
embryos after injection of PKA* and opposite to that pro-
in the ®sh embryo.
duced by dnPKA injection (Hammerschmidt et al., 1996).
Further, as in the case of PKA* injection, Ptx-injected em-
bryos lack the expression of sonic hedgehog (shh) in the
MATERIALS AND METHODS ventral forebrain, indicating a loss of ventral speci®cation,
while more posterior regions of the CNS appear unaffected
Plasmids (Figs. 2E and 2F; 28/54).
For the Ptx transcription vector pSP64T-Ptx, the full-length
cDNA of the Ptx S1 gene was isolated as a 0.8-kb XbaI fragment The Effect of Ptx on Somite Patterning
of plasmid p5190012 (Chaf®n et al., 1990) and cloned into the BglII
site of pSP64T. For sense RNA synthesis, pSP64T-Ptx was linear- Hedgehog signals and PKA also affect somite patterning.
ized with EcoRI. The constructs pSP64T-Ihh, pSP64T-PKA*, and Both ectopically expressed Hedgehog signals and inactiva-
pSP64T-dnPKA (previously named pSP64T-PKI) were generated tion of PKA lead to an increase in the number of muscle
and linearized as previously described (Hammerschmidt et al., pioneer precursors, marked by the expression of engrailed
1996). (eng), while sclerotomal speci®cation, marked by the ex-
pression of twist (twi), is reduced (Hammerschmidt et al.,
1996). Embryos injected with Ptx show the opposite pheno-Embryo Manipulations
type, a loss of eng-positive cells (except in somites 1±5, see
Synthesis of capped RNA, injection of RNA into embryos, below) (Figs. 2G±2J and 2O; 139/169), which is anticipated
whole-mount in situ hybridization, immunostaining, double stain- by a loss of the adaxial stripes of myoD expression in the
ing, and details of probes and antibodies are previously reported paraxial mesoderm (Figs. 2K and 2L; 23/45). In contrast, the
(Hammerschmidt et al., 1996). Approximately 5 pg PKA* RNA, 25 twi expression domain is expanded and takes over adaxial
pg Ptx RNA, 50 pg dnPKA RNA, and/or 100 pg Ihh RNA were regions, where the eng-positive cells are normally located
injected per embryo. In Ptx / dnPKA and Ptx / Ihh coinjection
(Figs. 2G±2J; 46/78). Importantly, the notochord, the sourceexperiments, the three different RNAs were also injected separately
of endogenous Hedgehog signals, shows normal expressionto ensure that Ihh was at least as effective as dnPKA.
of both shh and echidna hedgehog (Currie and Ingham,
1996) (not shown). Thus, the Ptx-induced phenotype in
Hedgehog target cells is most likely not an indirect conse-RESULTS quence of a loss of Hedgehog signal.
Ptx and PKA Affect the Same Embryonic
Structures Ptx and PKA* Have Opposite Effects on Somitic
twi Expression
If GiPs play a stimulatory role in Hedgehog signaling
we would predict that blocking their activity should have The effects of Ptx on the patterning of eyes, brain, and
adaxial cells of the somites bare a strong resemblance tosimilar phenotypic consequences to those resulting from
expression of a constitutively active PKA*: fusion of the the phenotype produced by the constitutively active PKA*
(see above and Hammerschmidt et al., 1996; Concordet eteyes and absence of a horizontal myoseptum. Embryos
injected with RNA encoding Ptx show these phenotypic al., 1996). In contrast, Ptx and PKA* have opposite effects
on the sclerotomal marker twi. We found that unlike Ptxtraits (Figs. 1D and 1F). However, the embryos also have
additional defects especially in the tail, which is quite (see above, Figs. 2G±2J), PKA* leads to a loss of twi expres-
sion (Figs. 2M and 2N; 46/78). This repression, however,disorganized (Fig. 1B). Thus, Ptx causes a more complex
phenotype than PKA*, indicating that Ptx might interfere appears to require higher levels of PKA* than the repression
of eng whose expression is completely absent in injectedwith more than the PKA-regulating GiPs. However, there
are distinct similarities between embryos injected with embryos that still show some twi expression (Figs. 2M and
2N; 42/71).Ptx and those injected with PKA*.
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FIG. 1. Morphology of Ptx-injected embryos. (A, C, E) uninjected control, (B, D, F) Ptx-injected. (A, B) 30 hpf, lateral view; the injected
embryo displays an altered shape of the head, blocky somites, and a generally disorganized tail. (C, D) 72 hpf, ventral view on head; the
injected embryo displays cyclopia. (E, F) 96 hpf, lateral view on somites in trunk at level of anus; the somites of the injected embryo lack
the chevron shape and the horizontal myoseptum (indicated in E by arrows). hpf, hours after fertilization.
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dnPKA, but Not Ihh, Rescues the Ptx-Induced ing Hedgehog-dependent cell fates. In general our data are
consistent with this model, but certainly do not prove aAlterations in Posterior Somites
linear Hedgehog±GiP±PKA signal transduction pathway.To examine the speci®city of the Ptx-induced alterations
For example, GiP and PKA may act in a parallel pathwayand to explore the epistasis between Hedgehogs, GiPs, and
that converges with the Hedgehog pathway downstream ofPKA, we carried out coinjections of Ptx RNA with Indian
PKA. This alternative model is supported by ®ndings inhedgehog (Ihh) or dnPKA RNA. Ptx- and dnPKA-coinjected
Drosophila where the serine/threonine protein kinaseembryos display an increase in the number of eng-positive
Fused, a potential component of the Hedgehog signal trans-cells in all somites along the anterior±posterior axis (Fig.
duction pathway, is phosphorylated in response to Hedge-2P; 34/64; dnPKA alone, 26/49). In embryos coinjected with
hog signaling independently of PKA (Therond et al., 1996;Ptx and Ihh, increased numbers of eng-positive cells were
reviewed in Hammerschmidt et al., 1997). One interestingfound in somites 1±5 (90/139; see Discussion). However,
possibility suggested by Alcedo et al. (1996) is that theno eng staining was detected in the posterior somites of
Patched/Smoothened complex may have two distinctmost of these embryos (82/139; Figs. 2O and 2Q), although a
branches, one through GiPs modulating PKA activity viafew embryos showed a mild rescue (8/139; 1±3 eng-positive
adenylate cyclase and another acting more directly oncells per somite compared to 5±7 in uninjected embryos).
Fused. However, it is also possible that the negative regula-
tion by PKA on Hedgehog targets is entirely independent
of a Smoothened/Patched complex. Only a detailed bio-DISCUSSION
chemical characterization is likely to distinguish among the
different mechanisms.GiPs May Function Upstream of PKA to Regulate
Hedgehog Signaling
In this study we show that inhibition of GiP function Different Transmission Pathways Might Mediate
by Ptx leads to a phenotype in zebra®sh embryos which Hedgehog Signals
resembles that produced by a constitutively active form of
PKA (PKA*). As the phenotype is partially suppressed by Whatever the exact mechanisms of Hedgehog signaling,
our results point to some possible differences in the trans-dnPKA, but not by Ihh, these studies indicate that PKA is
epistatic to GiPs and that GiPs are epistatic to Hedgehog mission of Hedgehog signals in target tissues. In somites,
Ptx expression only results in a loss of eng expression inligands. Taken together, these results suggest that GiP-me-
diated inhibition of PKA in Hedgehog target cells, presum- the somites posterior to the ®fth somite. However, somites
1±5 do respond to Ihh, dnPKA, and PKA* by a marked in-ably through the action of GiPs on adenylate cyclase, may
be one mechanism by which Hedgehog target gene expres- crease or complete loss of eng-positive cells (Ham-
merschmidt et al., 1996). These results may simply re¯ectsion is modulated.
the time needed to establish effective Ptx inhibition of GiPs
in the embryo. Alternatively, the results are also consistent
Are GiPs Components of a Linear Hedgehog Signal with adaxial speci®cation being regulated by distinct
Transduction Pathway? Hedgehog transmission pathways in anterior and posterior
somites. Several other features distinguish somites 1±5G-proteins themselves are known to be regulated by and
to act as mediators of extracellular signals. Given the simi- from the more posterior somites: in the posterior somites,
myotomal marker genes like eng, myoD, and snail1 arelarity between Smoothened and GPCRs, one possibility
would be that Hedgehog binding to Patched would lead to turned on in synchrony with somite formation, whereas in
the ®rst ®ve somites their transcription starts simultane-the release of GiPs bound to Smoothened, thereby promot-
FIG. 2. Altered gene expression after injection of Ptx (B, D, F, H±J, L, O), PKA* (N), and the coinjection of Ptx and dnPKA (P) and Ptx
and Ihh RNA (Q). ``/'' indicates uninjected controls. (A, B) pax2, 30 hpf, lateral view on head; in B, the pax2 expression in the optic stalk
region is absent (indicated by arrow), while expression in the midbrain±hindbrain boundary and otic placodes is unaffected (indicated by
arrowhead and asterisk, respectively). (C, D) pax6, 30 hpf, dorsal view on head. (E, F) shh (blue) and eng (brown); 30 hpf; in F, shh expression
is absent in ventral regions of fore- and midbrain (indicated by arrows). (G±J) twi (blue) and eng (brown), 20 hpf; (G, H) lateral view on
somites 1±12, (I, J) optical section through trunk somite of two embryos with unilateral effects; in H, eng expression is missing in the
posterior somites, but unaffected in somites 1±4 (indicated by arrow), while twi expression is stronger; in I and J, the affected right side
of the embryos displays an expansion of twi expression into adaxial regions which lack eng expression. Notochord and neural tube are
outlined. (K, L) myoD (marked with ``m'') and pax2 (marked with ``p''), 15-somite stage, dorsal view on trunk; in L, the adaxial myoD
stripes are absent, while myoD expression in lateral regions of the somites is unaffected. (M, N) twi (blue) and eng (brown), 20 hpf, lateral
view on somites 1±12; in N, eng expression is completely abolished in all somites, while twi expression (indicated by arrow) is strongly
reduced. (O±Q) eng expression; 20 hpf, dorsal view on somites 1±12, effect on right side; somites 1±5 are indicated by an arrow, more
posterior somites by an arrowhead; in P, all somites display an increase in the number of eng-positive cells, whereas in Q an increase is
only seen in somites 1±5 (indicated by arrow), while more posterior somites lack eng-positive cells as in O.
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